Cyclin-dependent kinase 1 (Cdk1) is required for initiation and maintenance of polarized cell growth in budding yeast. Cdk1 activates Rho-family GTPases, which polarize the actin cytoskeleton for delivery of membrane to growth sites via the secretory pathway.
INTRODUCTION
Oscillations in cyclin-dependent kinase (Cdk) activity drive the core cell cycle events of chromosome duplication and segregation (Nasmyth, 2001) . These core events are coordinated with changes in cell polarity and cell growth as cells progress through the cell cycle (Moseley and Nurse, 2009 ). In budding yeast, a single cyclin-dependent kinase called Cdk1 controls chromosome duplication and segregation, as well as initiation of polarized cell growth that leads to formation of a daughter cell (Culotti and Hartwell, 1971; Lew and Reed, 1993; Moffat and Andrews, 2004) . Cdk1 is thus the nexus at which cell growth and cell cycle progression are controlled.
Polarized cell growth in budding yeast requires coordination of the actin cytoskeleton with membrane-trafficking pathways. The Rho-family GTPases Rho1 and Cdc42 are activated in a Cdk1dependent manner in a defined patch at the cortex, where they recruit formin proteins to initiate formation of actin cables (Evangelista et al., 1997; Nern and Arkowitz, 2000; Shimada et al., 2000) . The actin cables extend radially into the cytoplasm, serving as tracks for myosin motors that deliver post-Golgi vesicles to the plasma membrane (Schott et al., 1999) . Vesicles are tethered at the plasma membrane before fusion by the exocyst complex (TerBush and . Cdc42 and Rho1 interact with specific exocyst subunits in a GTP-dependent manner, which, together with phosphatidylinositol 4,5-bisphosphate (PIP2) binding, is required for polarized growth (Guo et al., 2001; Zhang et al., 2008) . These mechanisms direct secretory vesicles carrying components required for cell growth to a defined site of exocytosis on the cell surface.
Endocytosis-associated actin patches are also localized to the site of bud growth and form a ring that surrounds the presumptive bud site (Kilmartin and Adams, 1984; Amberg, 1998; Layton et al., 2011) . Localized endocytosis in proximity to sites of exocytosis may optimize cell polarity by recycling polarity determinants that would otherwise diffuse as the membrane grows (Valdez-Taubas and ized in the same cells by rhodamine-phalloidin staining, enabling imaging of endocytosis-associated actin patches and actin cables (Kilmartin and Adams, 1984) . Deconvolved optical sections of asynchronously growing cells were projected to observe GFP-Sec4 particles and actin structures in the cell (Figure 2A and Supplemental Figures S1 and S2) .
In control cells, GFP-Sec4 localized to growth sites and to a few cytoplasmic particles, as previously reported (Figure 2A and Supplemental Figure S1 ; Schott et al., 2002) . On Lat-A treatment, actin structures disappeared and many GFP-Sec4 particles accumulated in the cytoplasm, as expected for accumulation of secretory vesicles (Figure 2A and Supplemental Figures S1 and S2) . In contrast, treatment of cdk1-as1 cells with 1NM-PP1 did not cause accumulation of GFP-Sec4 particles. Instead, GFP-Sec4 was observed as a diffuse cytoplasmic signal and in a few particles (Figure 2A and Supplemental Figure S1 ). Actin patches lost their polarized organization, and actin cables became disorganized (Figure 2A and Supplemental Figure S2 ; McCusker et al., 2007) . Fewer cables were observed, and those that were visible were short and failed to orient along the mother-daughter axis (Supplemental Figure S2, arrows) . Of importance, GFP-Sec4 localized normally to the bud neck in neighboring large-budded cells that had presumably undergone anaphase before inhibition of cdk1-as1 (Figure 2A , arrow). This demonstrated that inhibition of cdk1-as1 had specific effects on post-Golgi vesicles involved in polarized growth, since membrane addition at the site of cell division is Cdk1-independent in budding yeast and sea urchins (Shuster and Burgess, 2002; VerPlank and Li, 2005) .
The failure to accumulate post-Golgi vesicles after inhibition of cdk1-as1 could be due to a failure to generate the vesicles. In this case, treatment of cdk1-as1 cells with 1NM-PP1 and Lat-A simultaneously should not lead to vesicle accumulation. However, we found that GFP-Sec4 particles accumulated to the same extent when cdk1-as1 cells were treated with Lat-A and 1NM-PP1 together as when cells were treated with Lat-A alone (Figure 2A and Supplemental Figure S1 ). We conclude that Cdk1 activity is not required for bulk post-Golgi vesicle production. Together these observations demonstrate that depolymerization of actin or inhibition of Cdk1 has fundamentally different effects on accumulation of post-Golgi vesicles, implying that Cdk1 does not act simply to generate and maintain a polarized actin cytoskeleton for delivery of vesicles to the growing bud.
Cdk1 is required for maintaining discrete zones of endocytosis and exocytosis at the site of polarized cell growth Control cells showed a striking segregation of exocytic and endocytic compartments, as revealed by GFP-Sec4 or Sec2-GFP and actin staining ( Figure 2 , A, top, and B). Before bud emergence, a belt of endocytosis-associated actin patches surrounded a central zone of exocytosis, which was evident from views looking down at the polarized surface of the cell ( Figure 2B ). GFP-Sec4 remained polarized at the bud tip until after chromosome segregation, when it relocalized to the bud neck ( Figure 2A ). Previous work found that actin patches form a ring at the site of bud growth, and other studies found that exocytic proteins form a tightly focused spot (Kilmartin and Adams, 1984; Amberg, 1998; Finger et al., 1998; Layton et al., 2011) . The merged image in Figure 2B shows the localization of endocytic and exocytic zones in the same cell, which emphasizes the interesting organization of these processes at the site of cell growth. Inhibition of cdk1-as1 eliminated the distinct zones of endocytosis and exocytosis (Figure 2A and Supplemental Figures S1 and S2). the organization of endocytic and exocytic zones at the site of cell growth are unknown.
Cdk1 is required for polarization of the actin cytoskeleton and phosphorylates key regulators of Rho-family GTPases that direct actin polarization (Knaus et al., 2007; McCusker et al., 2007; Sopko et al., 2007; Kono et al., 2008) . Much attention has therefore focused on a role for Cdk1 in initiating cell growth via polarization of the actin cytoskeleton. However, Rho-family GTPases also control endocytic and exocytic trafficking events (Kroschewski et al., 1999; Adamo et al., 2001; Guo et al., 2001; Murray and Johnson, 2001; Wu et al., 2008) . Moreover, a systematic mass spectrometry screen for targets of Cdk1 identified many endocytic and exocytic proteins (Holt et al., 2009) . We therefore tested whether the role of Cdk1 in the control of polarized cell growth extends beyond its known role in controlling the actin cytoskeleton. To do so, we investigated the dynamics of membrane-trafficking pathways after Cdk1 inhibition.
RESULTS

Inhibition of Cdk1 attenuates cell surface growth to a similar extent as actin depolymerization
We previously discovered that acute Cdk1 inhibition caused rapid attenuation of secretory vesicle delivery to the growing bud, resulting in a block of polar growth (McCusker et al., 2007) . These studies used an analogue-sensitive allele of Cdk1 (cdk1-as1), which enabled rapid and specific inhibition of Cdk1 activity with the adenine analogue 4-amino-1-tert-butyl-3-(1′-naphthylmethyl)pyrazolo [3,4-d] pyrimidine (1NM-PP1; Bishop et al., 2001) . To investigate how Cdk1 controls polarized cell growth, we compared the effects of cdk1-as1 inhibition to the effects caused by latrunculin-A (Lat-A), an F-actin poison that causes rapid actin depolymerization and a block in delivery of vesicles to the growing bud (Ayscough et al., 1997) . A synchronous population of unbudded cdk1-as1 cells was obtained by centrifugal elutriation and released into fresh media. On initiation of bud emergence, cells were treated for 1 h with 1NM-PP1, Lat-A, or both 1NM-PP1 and Lat-A ( Figure 1A ). The mean bud surface area was then calculated and compared with the mean at time zero, which was set to 100% ( Figure 1B ). In control cells treated with dimethyl sulfoxide (DMSO), buds increased in size by 340%. In contrast, buds in cells treated with 1NM-PP1 or Lat-A increased in size by only 160 and 180%, respectively ( Figure 1B ). Attenuation of bud growth by cdk1-as1 inhibition was not due simply to depolarization of growth, because mother cells did not grow after cdk1-as1 inhibition ( Figure 1C ). Treatment of wild-type CDK1 cells with 1NM-PP1 did not attenuate growth ( Figure 1D ). Inhibition of cdk1-as1 and Factin simultaneously did not show strong additive effects. We conclude that the contribution of Cdk1 to polarized growth is comparable to that of F-actin, consistent with Cdk1 making a major contribution to polarized cell surface growth via actin-dependent processes.
Cdk1 activity does not contribute to polarized cell growth solely via modulation of the actin cytoskeleton
Actin depolymerization results in accumulation of post-Golgi vesicles due to a failure in vesicle delivery to the growing bud (Novick and Botstein, 1985) . Actin depolymerization also blocks endocytosis (Kubler and Riezman, 1993) . If Cdk1 is primarily required for polarization of the actin cytoskeleton to deliver vesicles, inhibition of cdk1-as1 could result in post-Golgi vesicle accumulation and an endocytic block. To test this, we first visualized a green fluorescent protein (GFP)-tagged version of Sec4, which is a Rab-GTPase component of post-Golgi secretory vesicles that was previously used as a post-Golgi vesicle marker (Schott et al., 2002) . Actin was visual-was endocytosed and over time was chased through the endocytic system, where it terminally labeled the vacuole. After 12 min, FM4-64 could be visualized in punctate perivacuolar structures in both wild-type CDK1 and cdk1-as1 cells treated with 1NM-PP1. These structures most likely correspond to the prevacuolar compartment. By 16 min, FM4-64 had reached the limiting membrane of the vacuole in both CDK1 and cdk1-as1 cells treated with 1NM-PP1. To ensure that our pulse-chase assay was sufficiently sensitive to detect defects in endocytosis, we used the endocytosis-defective sla2Δ mutant as a control (Holtzman et al., 1993) . In this mutant, persistent plasma membrane staining reflected defective internalization of the dye, and in many cells, bright fluorescent puncta formed as dye accumulated in an early endosomal compartment, as reported previously (Kim et al., 2006) . Because the kinetics of
Cdk1 is not required for endocytosis
The defects in post-Golgi vesicle accumulation and localization caused by cdk1-as1 inhibition could reflect defects in a membranetrafficking pathway. We therefore tested whether cdk1-as1 activity is required for normal membrane-trafficking events in the endocytic and exocytic pathways. We first tested whether inhibition of cdk1-as1 caused defects in endocytosis. Wild-type CDK1 or cdk1-as cells were treated with 1NM-PP1 for 1 h. Cells were placed on ice to block endocytosis and then pulsed with the lipophilic dye FM4-64 (Vida and Emr, 1995) . After washing away excess dye, we released cells at 25ºC to initiate endocytic uptake of the dye ( Figure  3A ). Imaging cells periodically during the pulse chase provided a means of assaying the function of the endocytic pathway after cdk1-as1 inhibition ( Figure 3B ). In wild-type CDK1 cells, FM4-64 FIGURE 1: Inhibition of Cdk1 attenuates bud growth as severely as actin depolymerization. (A) Images showing representative samples of cells. Elutriate: cells immediately after elutriation; Bud Emergence: cells at the time when inhibitors were added. Cells were treated for 1 h with DMSO as a control or with the indicated inhibitors. Scale bar, 5 μm. (B) Quantitation of the surface area of buds in cdk1-as1 cells 1 h after treatment. The bar labeled t = 0 shows the size of buds at the time of inhibitor addition. Absolute bud size at t = 0 was 5 μm 2 . (C) Quantitation of mother cell surface area in cdk1-as1 cells treated with inhibitors. Absolute mother size at t = 0 was 29 μm 2 . (D) Quantitation of bud growth in wild-type cells treated with 1NM-PP1 for 1 h. Absolute bud size at t = 0 was 4 μm 2 . Error bars show mean ± SD, where n is at least 100 cells.
Endocytosis is not required for secretion in budding yeast (Raths et al., 1993) . Thus the accumulation of vesicles in cells treated with Lat-A, but not in cdk1-as1 cells treated with 1NM-PP1, cannot be explained by a model in which endocytic recycling of proteins needed for secretion continues after Cdk1 inhibition but not after Lat-A treatment.
Cdk1 is not required for transport from the endoplasmic reticulum to the vacuole We next assayed the pathway that transports carboxypeptidase Y (CPY) from the endoplasmic reticulum (ER) to the vacuole via the Golgi (Hasilik and Tanner, 1978; Stevens et al., 1982) . CPY is synthesized in the ER as a 67-kDa proenzyme (p1), which traffics to the Golgi, where it is glycosylated to yield a 69-kDa form (p2; Hasilik and Tanner, 1978) . CPY is then routed to the vacuole, where it is cleaved to produce a mature (m) protease (Stevens et al., 1982) . Wild-type CDK1 or cdk1-as1 cells were treated with DMSO or 1NM-PP1, and CPY transport kinetics were analyzed by pulsechase and immunoprecipitation ( Figure 4A ). Inhibition of cdk1-as1 had no detectable effects on CPY processing. In an additional assay, we found that GFP-tagged carboxypeptidase S (GFP-CPS) was also efficiently targeted to the vacuole after cdk1-as1 inhibition (Supplemental Figure S3A ). Immunoblotting revealed no difference in the levels of GFP-CPS after cdk1-as1 inhibition (Supplemental Figure S3B ). Together these observations demonstrate that Cdk1 activity is not required for transport between the ER and Golgi, between the Golgi and the vacuole, or between endosomes and the vacuole. Of importance, these results also indicate that 1NM-PP1 did not cause nonspecific effects that completely disabled the secretory pathway.
Inhibition of Cdk1 does not result in accumulation of post-Golgi vesicle cargo proteins
We next tested whether Cdk1 inhibition caused defects in transport from the Golgi to the plasma membrane. In budding yeast, secreted proteins exit the Golgi in at least two classes of vesicles. The cell wall βglucanase Bgl2 is transported directly from the Golgi to the plasma membrane, and another class of vesicles transports invertase, encoded by the SUC2 gene, to the plasma membrane via an endosomal compartment (Harsay and Schekman, 2002) . We monitored trafficking of Bgl2 using an antibody against the protein and Suc2 using a hemagglutinin (HA)-tagged version of the protein that had been used previously (Wiederkehr et al., 2003; Gillingham et al., 2006) . CDK1 or cdk1-as1 FM4-64 internalization was not dramatically impaired after cdk1-as1 inhibition, we conclude that endocytosis and subsequent transport to the vacuole occur efficiently after cdk1-as1 inhibition, despite defects in polarized growth. 
Merge cells were treated with DMSO or 1NM-PP1 and processed to yield intracellular and extracellular fractions that were probed by Western blotting to assay levels of Bgl2 ( Figure 4B ) or Suc2 ( Figure 4C ). As a control, trafficking of Bgl2 and Suc2 were also assayed in cells carrying the sec6-4 temperature-sensitive mutant. Sec6 is a component of the exocyst complex, which is required for vesicle tethering and fusion at the plasma membrane (TerBush et al., 1996) . Thus inactivation of Sec6 causes a rapid block of exocytosis and accumulation of post-Golgi secretory vesicles.
Blocking post-Golgi secretion with the sec6-4 mutant led to an intracellular accumulation of both Bgl2 and Suc2, as expected ( Figure 4 , B and C; Adamo et al., 2001) . In contrast, intracellular levels of Bgl2 or Suc2 did not increase after cdk1-as1 inhibition, and instead Suc2 levels appeared to drop slightly (Figure 4 , B and C). The failure to accumulate intracellular post-Golgi vesicle cargoes after cdk1-as1 inhibition contrasted with the effect of actin depolymerization, which caused a moderate accumulation ( Figure 4D ). This is concordant with earlier work demonstrating that although the actin cytoskeleton is required for polarized growth, it is only partially required for secretion of Suc2 (Novick and Botstein, 1985) . Cell viability was not reduced after 1 h of cdk1-as1 inhibition, making it unlikely that cell death accounted for the lack of cargo accumulation (Supplemental Figure S4 ). These observations further support the conclusion that inhibition of 1NM-PP1 does not lead to an accumulation of post-Golgi secretory vesicles.
Cdk1 activity is required for normal trafficking of post-Golgi secretory vesicles
To learn more about the fate of post-Golgi vesicles after cdk1-as1 inhibition, we studied the dynamics of post-Golgi vesicle markers in live cells. CDK1 and cdk1-as1 cells were pulse chased with FM4-64 to label the vacuole and treated with 1NM-PP1 or DMSO. Post-Golgi vesicle dynamics were then monitored 1 h after treatment by imaging GFP-Sec4. In cdk1-as1 cells treated with DMSO and in wild-type CDK1 cells treated with 1NM-PP1, GFP-Sec4 particles were rapidly transported to the bud. Kymographs were generated to analyze GFP-Sec4 dynamics, revealing that under these imaging conditions, particles were transported at a rate of around 1.7 μm/s ( Figure 5A and Supplemental Movies S1-S4). GFP-Sec4 particles often dwelt at the bud neck, presumably reflecting either a time lag before association of the vesicle with an actin cable or the presence of a septin-dependent barrier (Takizawa et al., 2000; Supplemental Movies S1 and S3). A subset of GFP-Sec4 particles cycled between the plasma membrane and the cytoplasm at the end of the mother cell opposite the bud. To our knowledge, the existence of this trafficking behavior has not previously been reported.
Inhibition of cdk1-as1 severely disrupted the dynamics of GFP-Sec4 trafficking. Few GFP-Sec4 particles were visible, and those that were visible either made short, retrograde movements away from the bud before disappearing or completely failed to move and then often disappeared ( Figure 5A and Supplemental Movie S4). GFP-Sec4 disappearance coincided with endomembrane/vacuole localization, suggesting that some vesicles may be consumed in the endomembrane/vacuole ( Figure 5A and Supplemental Movie S4). Quantitation of 200-600 particle movements revealed that >55% of GFP-Sec4 particles showed anterograde movements in wild-type CDK1 cells treated with 1NM-PP1. In contrast, <10% of GFP-Sec4 particles were transported in this manner in cdk1-as1 cells treated with 1NM-PP1, and many particles disappeared during analysis, which may be due to their targeting to the vacuole ( Figure 5B ). Western blotting revealed that GFP-Sec4 levels were unchanged after cdk1-as1 inhibition ( Figure 5C ). Unlike cdk1-as1 inhibition, treatment with Lat-A led to the accumulation of post-Golgi particles in the cytoplasm that did not disappear during analysis ( Figure 5A and Supplemental Movie S2). These results indicate that Cdk1 activity is critical for the polarized anterograde trafficking of post-Golgi vesicles and that the effects of inhibition of Cdk1 are distinct from those of actin depolymerization. The technical challenge of following particles that move at high speeds in an x, y, z-axis is formidable, and it is not possible to image all particles at all times as one would ideally wish. Therefore, we also observed the fate of post-Golgi particles in cells with small buds, which minimized the concern that vesicles were moving out of the focal plane, since the z axis is greatly reduced. These experiments were carried out using a total internal reflection (TIRF) imaging system equipped with a sensitive electron-multiplying charge-coupled device (EM-CCD) camera, which enabled image acquisition at speeds of up to 30 ms. The improved sensitivity of this system facilitated longer observations of GFP-Sec4 dynamics after inhibition of cdk1-as1. Consistent with the results presented in Figure 5 , kymographs of GFP-Sec4 dynamics 20 min after cdk1-as1 inhibition revealed a stream-like flow of GFP-Sec4 particles out of the bud and into the mother cell ( Figure 6A ). Some of these particles disappeared upon reaching the vacuole membrane ( Figure 6C ). These observations suggest that all vesicles are not fusing with the plasma membrane in or near the bud after cdk1-as1 inhibition.
When cdk1-as1 was inhibited, those particles that moved did so in a vectoral manner at a similar velocity, consistent with motor-mediated transport of post-Golgi vesicles along actin cables. The velocities of vesicle movement in the four vesicle tracks shown in Figure 6A were calculated from the kymographs and found to be 2.6, 2.7, 2.7, and 3.5 μm/s, which is within the range of velocity previously reported for myosin motor-mediated transport (Schott et al., 2002) . The speed is slightly faster than that of the vesicles shown in Figure 5 . This may reflect the fact that the cells in Figure 5 were treated with inhibitor for 1 h before imaging, whereas the cells shown in Figure 6 were treated for 20 min. The movement of vesicles out of the bud after cdk1-as1 inhibition contrasted with control CDK1 cells treated with 1NM-PP1, where GFP-Sec4 particles moved from the mother to the bud, as expected ( Figure 6B ).
Previous work found that the myo2-66 temperature-sensitive allele caused accumulation of vesicles without causing accumulation of secretory cargoes (Govindan et al., 1995) . MYO2 encodes the myosin that moves vesicles along actin tracks to the bud (Johnston et al., 1991) . The failure to accumulate secretory cargoes in myo2-66 cells is similar to the effects of inhibiting cdk1-as1. We therefore considered the possibility that inhibition of cdk1-as1 blocks Myo2 function and causes accumulation of a class of vesicles that cannot be detected with GFP-Sec4. In previous work, we did not observe accumulation of vesicles by electron microscopy after inhibition of cdk1-as1 (McCusker et al., 2007) . To ensure that our imaging methods can detect the class of vesicles that accumulate in myo2-66 cells, we repeated the electron microscopy analysis and included a myo2-66 control. We found that myo2-66 cells accumulated vesicles, whereas cdk1-as1 cells treated with 1NM-PP1 did not, which argues against the possibility that inhibition of cdk1-as1 blocks Myo2 function ( Figure  7) . In this experiment, we also tested whether pep4Δ, which inactivates a major vacuolar degradation pathway, allowed accumulation of vesicles in cdk1-as1 cells. We reasoned that pep4Δ could block consumption of vesicles by the vacuole; however, we observed that the effects of inhibiting cdk1-as1 in pep4Δ cells were no different from the effects that we previously observed of inhibiting cdk1-as1 in an otherwise wild-type background (Figure 7 ; McCusker et al., 2007) .
We also considered the possibility that the effects of inactivating cdk1-as1 are due solely to depolarization of the actin cytoskeleton. In this case, the effects of cdk1-as1 inhibition ought to resemble the effects of a cdc42 mutant, in which actin filaments are depolarized and disorganized (Adams et al., 1990) . To test this, we monitored GFP-Sec4 and endocytosis-associated actin patch Note that inactivation of sec6-4 caused an increase in intracellular levels of Bgl2. Nap1 was used as a loading control (not shown). (C) Immunoblot analysis of the extracellular and intracellular levels of Suc2-3xHA. Cells were grown in 2% glucose containing 1NM-PP1 or DMSO control for 1 h. Suc2-3xHA was then induced by shifting cells to 0.1% glucose in the presence of 1NM-PP1 or DMSO and harvesting cells after an additional hour. Note that inactivation of sec6-4 caused a complete block in secretion of Suc2-3xHA. Nap1 was used as a loading control. (D) Immunoblot analysis of the secreted and intracellular pools of Bgl2 and Suc2-3xHA levels after actin depolymerization for 1 h using latrunculin-A. Nap1 was used as a loading control. Note that the data presented in C and D were obtained in separate experiments. localization in wild-type and cdc42-1 cells. In the cdc42-1 cells at the restrictive temperature, cells arrested with no buds and depolarized actin patches, as previously reported, and GFP-Sec4 particles accumulated (Figure 8) . These results are consistent with previous work on Igq1, which interacts with Cdc42 and is required for normal polarization of the actin cytoskeleton. Like cdc42 mutants, deletion of the IQG1 gene causes a loss of polarity pheno-type, as well as accumulation of vesicles that can be seen by electron microscopy (Osman and Cerione, 1998) . Actin mutants that cause disorganization of the actin cytoskeleton also cause accumulation of vesicles (Novick and Botstein, 1985) . Together these results indicate that cdk1-as1 inhibition results in a defect that is distinct from that produced by actin depolymerization or actin depolarization. dependent mechanism. This model would be consistent with our observation that disappearance of vesicles in vivo appears to occur near the endomembrane system.
Although our results suggest that vesicles are redirected to the endomembrane system or vacuole, we cannot rule out other fates. For example it is possible that vesicles are redirected to the Golgi or that the vesicles are dismantled via a novel mechanism.
Several observations suggest that the effects of cdk1-as1 inhibition are not due to depolarization of the actin cytoskeleton. First, the effects of cdk1-as1 inhibition are different from the effects of inactivating Cdc42, which is required for actin polarization. Inhibition of cdk1-as1 with the concentrations of 1NM-PP1 used here results in rapid cessation of bud growth, and the mother cell does not increase in volume (Bishop et al., 2000; McCusker et al., 2007) . In contrast, when cdc42-1 is inactivated, cells undergo a uniform arrest as very large unbudded cells (Adams et al., 1990) . This indicates that buds and unbudded cells continue to grow when cdc42-1 is inactivated. These observations suggest that slow depolarized growth takes place when the actin cytoskeleton is depolarized, in contrast to the effects of inactivating cdk1-as1. Second, if inhibition of cdk1-as1 exerted its effects via depolarization of the actin cytoskeleton, one should be able to detect significant numbers of vesicles in cells after inhibition of cdk1-as1. However, we detected few GFP-Sec4 marked vesicles when cdk1-as was inhibited, whereas vesicles were detected in cdc42-1 cells.
It may seem surprising that inhibition of cdk1-as1 causes severe defects in trafficking of post-Golgi vesicles but does not cause severe defects in trafficking of several secretory cargoes. However, previous work showed that even quite strong blocks in exocytic trafficking such as those seen in exo84-112, sec6-4, cdc42-6, or ypt31/32Δ can leave other trafficking pathways such as the CPY route intact and operational with normal kinetics (Jedd et al., 1997; Adamo et al., 2001; Zhang et al., 2005) . Conversely, endocytic mutants such as sla2Δ and end4Δ are normal in CPY trafficking and invertase secretion (Raths et al., 1993; Mulholland et al., 1997) . Similarly, invertase secretion has been reported to be normal in the endosome-to-plasma membrane recycling mutant rcy1Δ (Wiederkehr et al., 2000) .
We observed that sites of actin-dependent endocytosis form a ring that surrounds a central axis of exocytosis at the site of polarized growth, as suggested by previous studies that separately observed sites of endocytosis or exocytosis (Kilmartin and Adams, 1984; Amberg, 1998; Finger et al., 1998; Layton et al., 2011) . Endocytic and exocytic compartments are also closely apposed in Aspergillus nidulans (Taheri-Talesh et al., 2008) . Studies suggest that close coordination of endocytic uptake and recycling helps to optimize cell polarity (Valdez-Taubas and Pelham, 2003; Marco et al., 2007) . The molecular mechanisms underlying the relative organization of endocytic and exocytic sites are poorly understood, but our observations here suggest that Cdk1 plays a role.
DISCUSSION
We propose that Cdk1 controls membrane trafficking events that are required for proper delivery of vesicles to the cell surface during polarized growth. A recent proteomics study identified many components of the secretory pathway as potential direct targets of Cdk1, consistent with a role for Cdk1 in controlling membrane-trafficking events (Holt et al., 2009 ).
The events controlled by Cdk1 that are required for normal membrane trafficking are unknown. One possibility is that Cdk1 directs post-Golgi vesicles to the site of polarized growth. It could do this by initiating events that mark vesicles with a targeting signal or by activating a docking site at the site of cell growth. In the absence of the targeting signals, vesicles could be redirected to the endomembrane system or vacuole via a default trafficking pathway. Previous studies found that the vacuole may be the default trafficking destination in the yeast secretory pathway and that additional targeting or retention signals exist for sorting to other destinations (Roberts et al., 1992; Wilcox et al., 1992) . Alternatively, Cdk1 could be required to suppress signals that target post-Golgi vesicles to the endomembrane system or vacuole. Additional models are possible, and further work will be necessary to fully understand the molecular mechanisms underlying the effects of Cdk1 on membrane traffic during growth of the daughter cell membrane.
Disappearance of vesicles after Cdk1 inhibition was dependent upon actin filaments. Previous work found that Cdc42 stimulates actin polymerization at the vacuole, and Cdc42 and Rho1 localize to the vacuole membrane, where they regulate actin-dependent membrane fusion events (Eitzen et al., 2001; Isgandarova et al., 2007) . Thus actin filaments associated with the vacuole or endomembrane system could be responsible for movement of vesicles toward these compartments, where they could be consumed via a Rho-GTPase-FIGURE 6: Retrograde streaming of post-Golgi particles from sites of polarized growth into the mother cell after cdk1-as1 inhibition. (A) cdk1-as1 cells or (B) CDK1 cells were treated with 1NM-PP1 for 20 min and imaged. Approximately 650 images were acquired at 30-ms intervals and stacked vertically to generate kymographs. In each set of images, shown at the top is a schematic representation of the kymograph in which the colored lines indicate individual particle trajectories and the arrow indicates the direction of movement. The longitudinal line used to generate kymographs is shown in purple on an image of the cell used for imaging. (C) A series of images from the cdk1-as1 cell shown in A, where a GFP-Sec4 particle (indicated by a yellow arrowhead) moves to the vacuolar membrane (shown in red after staining with FM4-64) and then disappears. Time is shown in seconds. Scale bar, 2 μm. GFP-Sec4 FM4-64 cdk1-as1 +1NM-PP1 basic size and shape despite widely varying growth rates caused by changes in nutrient availability or other external stresses. Direct control of membrane dynamics by Cdk1 would offer an attractive model for linking membrane growth to cell cycle progression. Identification of the molecular mechanisms targeted by Cdk1 to control membrane dynamics will be an important focus for future work.
MATERIALS AND METHODS
Yeast strains and procedures
A list of the yeast strains used in this study is provided in Table 1 . Tagging of open reading frames at the C-terminus was achieved by PCR-based homologous recombination at the endogenous gene locus. GFP-Sec4 was expressed from a CEN vector (pRS315) under the control of the Sec4 promoter (Schott et al., 2002) . Unless stated, cells were grown in yeast extract/peptone/dextrose (ThermoFisher Scientific, Waltham, MA) or selective media supplemented with 50 μg/ml adenine sulfate (ICN Biomedicals, Irvine, CA) at 23ºC.
Treatment of cells with inhibitors
In all experiments involving addition of inhibitors, cells were treated with 25 μM 1NM-PP1 (Calbiochem, La Jolla, CA) to inhibit cdk1-as1 activity or 100 μM latrunculin-A to inhibit F-actin.
Centrifugal elutriation
A 1.3-l culture of cells was grown overnight to OD 600 1.4. A synchronous population of unbudded cells was obtained by centrifugal elutriation. Cells were centrifuged at 2700 rpm and elutriated at 31 ml/min. Cells were released into fresh media and monitored for the synchronous formation of small buds, an indicator of the initiation of polarized growth. At bud formation, cells were treated with DMSO (Sigma-Aldrich, St. Louis, MO) or with inhibitors. Treated cells were incubated at 23ºC for 1 h and then fixed in 3.7% formaldehyde (Thermo-Fisher Scientific) for 1 h.
Microscopy
Cells were grown to early logarithmic phase in selective media, treated with 1NM-PP1 for the times indicated, and attached to coverslips that had been coated with 1 mg/ml concanavalin-A (Sigma-Aldrich). Coverslips were then mounted onto glass slides using two pieces of double-sided tape. For single-section widefield images (Figures 1, 2B, 3 , and 5), cells were visualized using a Zeiss Axioskop II microscope with a Zeiss AxioCam HRm camera (Carl Zeiss, Jena, Germany). Photobleaching was minimized using
In summary, these observations suggest that Cdk1 plays a role in regulating membrane dynamics to coordinate membrane growth with cell cycle progression. Yeast cells are able to maintain the same FIGURE 7: Accumulation of cytoplasmic vesicles after inactivation of myo2-66 but not after cdk1-as1 inhibition. Cells were grown to early-log phase and treated for 1 h with DMSO as a control, with 1NM-PP1 to inactivate cdk1-as1, or shifted to 36ºC for 1 h to inactivate myo2-66. After rapid freezing, cells were freeze substituted and processed for transmission electron microscopy. Scale bar, 200 nm.
using acousto-optic tunable filter-controlled 488-and 561-nm laser lines coupled to a motorized TIRF slider (Carl Zeiss) via a singlemode fiber. The system was controlled by MetaMorph software. The data presented in Figure 6 were generated by acquiring images at 30-ms intervals and generating kymographs using MetaMorph.
Electron microscopy
Cells were pelleted, and the pellets were placed on the surface of a copper electron microscopy grid (400 mesh) that had been coated with Formvar. Each loop was quickly immersed in liquid propane precooled and maintained at −180°C using liquid nitrogen. The loops were then transferred to a precooled solution of 4% osmium tetroxide in dry acetone in a 1.8-ml polypropylene vial at −82°C for 72 h (substitution) and warmed gradually to room temperature, followed by three washes in dry acetone. Specimens were stained in the dark for 1 h in 1% uranyl acetate in acetone at 4°C. After an additional rinse in dry acetone, the samples were infiltrated progressively with araldite (epoxy resin; Fluka, Sigma-Aldrich). Ultrathin sections were contrasted with lead citrate and observed with a Hitachi 7650 electron microscope (Hitachi, Tokyo, Japan; Bordeaux Imaging Center, Electronic Microscopy Pole of the University of Bordeaux 2). a Uniblitz VMMD1 external shutter driver (Uniblitz, Rochester, NY). A 100× (numerical aperture [NA] 1.3) Plan-Neofluar (Carl Zeiss) oil objective was used to visualize cells. Image acquisition was performed using Zeiss AxioVision software. Kymographs were generated using MetaMorph software (Molecular Devices, Sunnyvale, CA). Multiple z-sections shown in Figure 2A were acquired on a DMI600B inverted Leica fluorescent microscope (Leica, Wetzlar, Germany) equipped with a Hamamatsu ORCA C9100 EM-CCD camera (Hamamatsu Photonics, Hamamatsu, Japan) and a 100× (NA 1.4) Plan-Apochromat oil objective. From 15 to 20 0.2-μm steps were acquired using Leica LASAF6000 software. Ten iterations of a blind deconvolution algorithm were run, using a refractive index of 1.5.
High-speed near-TIRFM was used to monitor GFP-Sec4 puncta in Figure 6 . In near-TIRFM, the incidence angle of the laser with respect to the sample is reduced, generating a deeper evanescent field. This configuration was used to resolve puncta moving beneath the cell wall in budding yeast. The TIRFM system comprised an Axiovert 200M (Carl Zeiss) microscope chassis with a 100× (NA 1.46) Plan Apochromat oil objective with an additional 1.6 Optovar lens, an Evolve EM-CCD camera (Photometrics, Tucson, AZ) and a Dual View DV2 beam-splitter (Photometrics). Samples were illuminated Actin Actin
CPY transport assays
An overnight culture of logarithmic-phase cells was resuspended in minimal media lacking methionine and containing 2 mg/ml bovine serum albumin (Sigma-Aldrich). After 1 h of treatment with 1NM-PP1, or DMSO as a control, cells were adjusted to a concentration of 1 OD 600 /ml. Cells were incubated with 25 μCi 35 S-methionine (Amersham-Pharmacia Biotech, GE Healthcare Bio-Sciences, Piscataway, NJ) per OD 600 for 10 min (pulse), and the chase was then initiated by the addition of 10× chase mix (20% glucose, 50 mM methionine) to a final concentration of 1×. At the times indicated, 1 OD 600 of cells was centrifuged and rapidly frozen in liquid nitrogen. To immunoprecipitate CPY, metabolically labeled cells were resuspended in 75 μl of lysis buffer (1% SDS, 8 M urea, 2 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml pepstatin-A, 1 μg/ml chymostatin) and lysed by glass bead agitation for 1 min, 30 s in a cell homogenizer (BioSpec, Bartlesville, OK). Fresh buffer was added to give a final lysis buffer composition (10 mM Tris-HCl, pH 8.0, 0.1% Tween-20, 2 mM EDTA, 0.05% SDS, 40 mM urea, 100 mM NaCl). Insoluble debris was removed after centrifugation at 16,000 × g for 15 min. A 2-μl amount of anti-CPY was added to each tube, and immunoprecipitations were carried out for 1 h at room temperature. We added 20 μl of protein-A agarose (Bio-Rad, Hercules, CA) to each tube for 1 h and then washed the samples four times in 1.5 ml of wash buffer (10 mM Tris-HCl pH 8.0, 0.1% SDS, 0.1% Tween-20, 2 mM EDTA). Immunoprecipitates were resolved by SDS-PAGE (7.5% acrylamide) and analyzed using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Assays for secretion and endocytosis
Invertase (Suc2) secretion was monitored using a 3xHA-tagged version of the protein, as used previously (Gillingham et al., 2006) . Cells were grown to early logarithmic phase in yeast extract/peptone/ dextrose (YPD) and then shifted to yeast extract/peptone (YEP) media containing 0.1% dextrose and 1NM-PP1 or DMSO (control) for 1 h to induce invertase secretion. sec6-4 cells were resuspended in YEP + 0.1% dextrose and then immediately shifted to 34ºC for 1 h. At the end of the experiment, NaN 3 and NaF were added to 10 mM, and cells were incubated on ice for 10 min. Cells were then rinsed in wash buffer (20 mM Tris-HCl, pH 7.5, 10 mM NaN 3 , 10 mM NaF). We removed 1.5 OD 600 of cells and resuspended them in 150 μl of spheroplast buffer (50 mM Tris-HCl, pH 7.5, 1.4 M sorbitol, 10 mM NaN 3 , 10 mM NaF, 30 mM 2-mercaptoethanol, 0.2 mg ml −1 Zymolyase 100T; Seikagaku, Tokyo, Japan) and incubated at 37ºC for 20 min to digest the cell wall. All subsequent steps were carried out at 4ºC. Spheroplasts were pelleted by centrifugation at 2000 × g for 3 min. A 100-μl supernatant (external secreted fraction) was removed and boiled in 4× SDS-PAGE sample buffer. The spheroplast pellet was washed twice in spheroplast wash buffer (50 mM Tris-HCl, pH 7.5, 1.4 M sorbitol, 10 mM NaF, 10 mM NaN 3 ). Spheroplasts were resuspended in 120 μl of lysis buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 0.5% Triton-X100, 2 mM phenylmethylsulfonyl fluoride [PMSF], 1 μg/ml leupeptin, 1 μg/ml pepstatin-A, 1 μg/ml chymostatin), vortexed for 30 s, and then centrifuged at 82 × g for 5 min. A 100-μl supernatant (internal fraction) was boiled in 1× SDS-PAGE sample buffer. Samples were resolved using 7.5% SDS-PAGE, blotted, and probed with anti-HA polyclonal antisera. Internal and external Bgl2 levels were measured in the same manner, except that cells were maintained in YPD media, and Bgl2 was resolved using 12.5% SDS-PAGE. The cytoplasmic protein Nap1 was not detected in the extracellular fraction, indicating that cells were not overspheroplasted (unpublished data).
Endocytosis was assayed by pulse chasing the lipophilic dye FM4-64 (Invitrogen, Carlsbad, CA) through the endocytic pathway. Early-logarithmic-phase cells were treated with 25 μM 1NM-PP1 for 1 h at 23ºC and placed on ice for 5 min to block endocytosis, and FM4-64 was then added to 16 μM for 15 min (on ice). Cells were then washed into fresh YPD media at 23ºC containing 25 μM 1NM-PP1 to initiate the endocytic chase and imaged at the indicated times.
Name
Genotype Reference
DK186
MATa bar1 his3-11,15 leu2-3112 trp1-1 ura3- 
